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Summary
A variety of sex-dependent urinary proteins of low molecular weight, absent in females and in castrated males, can be identified in male rats by disc electrophoresis. In the urine of male rats of age 5·5 months, albumin comprises only 1-2% of the total protein. Albumin excretion increases greatly with age and associated kidney disease. Total protein excretion, however, stays the same or even decreases slightly as the rat ages, due to a loss of low molecular weight, sex-dependent, proteins. These are virtually absent in senescent rats (38 months of age), although total protein excretion rises tenfold in these animals due to high molecular weight plasma proteins passing into the urine; the glomerular filtration rate decreases to 70% of the value measured at 5·5 months of age.
In man proteinuria is of clinical significance as a symptom of renal disease. Rats, however-traditionally used for comparative investigations of renal physiology and pathology-consistently demonstrate a striking physiological proteinuria. The urinary protein of male rats consists mainly of sex-dependent proteins with an average molecular weight of about 15 000 as measured by gel-filtration and ultracentrifugation (Finlayson & Morris, 1965) . There is evidence that this protein is synthesized in the liver, concentrated in the kidneys and excreted with the urine. Following nephrectomy the plasma levels rise, indicating the extrarenal source of this protein (Geertzen, van der Ouderaa & Kassenaar, 1973) . In addition to a high physiological level of proteinuria, spontaneous kidney disease-characterized by progressive glomerulonephrosis with glomerulosclerosis-has repeatedly been described in Wistar rats (Kraus & Cain, 1974; Elema & Arends, 1975) and several other strains (Snell, 1967; Couser & Stilmant, 1975; Bolton, Benton, Maclay & Sturgill, 1976) , the males being more severely affected than the females.
This high physiological proteinuria and spontaneous kidney disease can be expected to interfere with experimentally-induced conditions, complicating the interpretation of results. To facilitate a critical evaluation of comparative studies, proteinuria, its Received 28 December 1978 . Accepted 22 October 1979 variation with age, and spontaneous renal disease in the aging male Wistar rat have been investigated.
Materials and methods

A nimals and procedure
The animals used for this study were barrier-maintained, specified-pathogen-free (GV-SOLAS, 1972) male rats of the outbred Han: Wistar stock 5·5,12,21 and 38 months of age, fed a standard diet (Herilan Han MR3), containing 18 ± 1% protein and 0·3 ± 0·03% sodium in dry matter, and autoclaved tap water ad libitum. Urine was collected in metabolism cages for 3-4 consecutive 12 h periods so that at least 3 urine samples from each animal could be tested. Blood was drawn from the retrobulbar sinus.
Histological studies
Kidney tissue was obtained from rats anaesthetized with 100 mg/kg bodyweight Inactin~(sodium thiobutabarbital 'Inactin'; Chemische Fabrik Promonta GmbH, Hammer Landstrasse 162-178, 2000 Hamburg 26-now available from Byk Gulden Lomberg Chemische Fabrik GmbH, Byk-Gulden-Strasse 2, 7750 Konstanz, FRG) by open renal biopsy, and fixed in 5% neutral formalin. Paraffin-embedded specimens were sectioned and stained with haematoxylin and eosin, periodic acid-Schiff (PAS), or Heidenhain's azan for connective-tissue fibres.
Analytical methods
Total protein was measured in 100 ,Ill samples following the method of Lowry, Rosebrough, Farr & Randall (195 I) as adapted to the Eppendorf microlitre system (Eppendorf Netheler & Hinz Geriitebau GmbH, Postfach 630324, 2000 Hamburg 63, FRG). Proteins in plasma and urine were separated for qualitative and quantitative measurements by polyacrylamide-gel disc electrophoresis in 2 t.A capillaries (Neuhoff, 1973) . The gels were stained with 1% amidoblack, destained in 7·5% acetic acid and scanned with a Joyce-Loebl double-beam microdensitometer (Technical Operations, Romerstrasse 90, 7417 Pfullingen, FRG). For quantitative determination of the albumin concentration, the albumin peaks of the electrophoretic diagrams were integrated by planimetry and compared with a bovine albumin standard. The standard deviation of the method was 3-4% of the mean.
The glomerular filtration rate was measured by the total clearance after a single injection of 14C-inulin (Amersham-Buchler, GmbH & Co., Postfach 1829, 3300 Braunschweig FRG) (Hackbarth & Liinebrink, 1979) . The biological halftimes and the total clearances were calculated from the semilogarithmic plot according to Dost (1968) .
Results
Bodyweight and glomerular filtration rate in aging rats
In this study the average bodyweight reached its maximum in the 12 months old rats (Table I) and thereafter decreased with a general reduction in the adipose tissue at 38 months of age. In this latter age group all rats showed a more or less intensive arthrosis of the hind legs combined with a distinct atrophy of the skeletal muscles, and other age dependent alterations. At autopsy tumours were frequently found (see also Deerberg, Pittermann & Rapp, 1978) and the kidneys were swollen and of a yellowish colour. The decrease in glomerular filtration rate (GFR) is fairly continual and drops to 70% of the initial value by the time the rats are 38 months old (Table I) .
Sex-dependent protein excretion
A variety of sex-dependent proteins can be readily demonstrated by disc electrophoresis (Fig. I ). Since their molecular weight is low, these proteins demonstrate a high electrophoretic mobility. Gel filtration indicated an approximate molecular weight of 17 000-21 000. Castration of mature male rats resulted in the loss of these proteins, with a resulting electrophoretic pattern similar to that of female rats. In male 5·5 month old rats the total protein excretion is 1· 61 ± 0·55 mg/h/kg bodyweight (Table I) 
Protein excretion in aging rats
The quantitative results are shown in Table 1 . When calculating the values for protein excretion in 21 month old rats 2 animals were excluded because their total protein excretion was about 5 times and the albumin excretion 10 times higher than in the other 8 animals. Although albumin excretion increased significantly, the total protein excretion remained constant or even dropped slightly with age, due to the loss of sex-dependent proteins. However, in 38 month old animals the total protein excretion, including the albumin, greatly increased. Typical electrophoretic diagrams are shown in Fig. 2 . Definitive trends evident with senescence are the decrease of sex-dependent low molecular weight proteins, and the increase of high molecular weight proteins and albumin.
The urinary protein of 5·5 month old rats consists mainly of sex-dependent low molecular weight bands.
Albumin makes up only about 1-2% of the total protein (Table 1) . At 12 months of age the albumin excretion is greatly increased, as shown in the electrophoretic diagram (Fig. 2) . The low molecular weight proteins are still similar to those of 5·5 month old rats. In this group of 12 month old animals some individual differences can be seen: one of the low molecular weight protein bands is missing in half of the animals. These protein patterns were consistent throughout all collection periods. At 21 months of age the rats show a marked reduction of low molecular weight proteins. The loss of these sex-dependent proteins is even more significant at 38 months of age. Rats in these 2 oldest age groups also excrete a variety of high molecular weight plasma proteins, including globulins. 
For the calculation of proteinuria in 21 month old rats, only 8 out of 10 animals were used (see text). Significant differences as compared to 5·5 month old rats:·" p < 0·005;·· p < 0·05; • P < 0·5. 
Histological studies
In 5·5 month old rats the light microscopic examination of the kidney showed normal glomeruli and tubules. The 1st changes could be detected at the age of 12 months. Homogenous eosinophilic, periodicacid-Schiff-positive deposits could then be found in the mesangial cells. These characteristic deposits were mainly located near the vascular pole of the glomerulus. With increasing age the quantity of such deposits increased in the nearby mesangium, followed by local adhesions of the glomerular tufts and the outer layer of Bowman's capsule. These lesions gradually spread over the whole glomerulus, leading to atrophy or total glomerular sclerosis. The late stage was characterized by dilated and cystic cast-filled tubules in the cortex and outer medulla. The interstitial tissue was fibrotic and more or less infiltrated by lymphocytes. Some of the glomerular tufts were swollen and congested with hyaline material in the urinary space. More frequently the urinary spaces were dilated, the glomerular tufts atrophied and containing inflammatory cells. There were often adhesions between glomerular tufts and capsules, as well as complete fibrosis of glomeruli.
Relationship between histological andJunctional data
The relation between functional data and histological alterations is evident for the different age groups. But no definite correlations were found for the individuals, so that those animals with the most intensive histological alterations were not always those with the highest albumin excretion, and vice versa.
Discussion
Sex-dependent protein excretion
The urinary protein pattern typical for male rats is acquired during sexual maturation. Low molecular weight sex-dependent proteins appear between the 6th and the 10th weeks of age, and disappear after castration and during senility. During puberty the total protein excretion increases also (unpublished observations; Feld, van Liew, Galaske & Boylan, 1977) .
Sex-dependent proteins are also known to be present in the urine of male mice (Riimke & Thung, 1964; Reuter, Kennes, Leonard & Sassen, 1968) . In mice these proteins, with an average molecular weight of 17 800 (Finlayson & Baumann, 1958) , are probably synthesized in the liver (Finlayson, Asofsky, Potter & Runner, 1965) and are associated with a pheromonal activity (Vandenbergh, Whitsett & Lombardi, 1975; Lombardi, Vandenbergh & Whitsett, 1976) . The sexual development of female mice is accelerated by exposure to these pheromones, which are either part of or bound to the protein. The functional significance of sex-dependent proteins in rats is not yet known, but a role similar to that in mice may be postulated.
Age-dependent renal lesions
Kidney disease is common among aging rats, with different strains showing different susceptibilities (Snell, 1967) . Females of all strains are slightly less susceptible than males. Almost every male animal of the Han: Wistar strain older than 36 months shows an advanced stage of this kidney disease (Deerberg et al., 1978) . The cause of this disease, which sooner or later affects all animals, is still under discussion. Certainly the progress of the lesions is influenced by diet. Animals fed high-protein diets-especially if high in casein--<ievelop nephropathies at an earlier age and with greater severity (Neuhaus & Flory, 1975; Lalich, Faith & Harding, 1970; Lalich & Allen, 1971 ); an aminoacid toxicity has been suggested. A sodiumdeficient diet protected the animals, perhaps because of the restricted food intake of rats with a sodiumdeficient diet (Elema & Arends, 1975) . Another hypothesis is chronic overload and dysfunction of the mesangium resulting in progressive focal glomerular lesions (Couser & Stilmant, 1975; Bolton et al., 1976) .
Immunological causes have been discussed extensively by Hirokawa (1975) , who also found virus antigen in association with a portion of immune complex deposits in glomeruli. He believes an autoimmune mechanism to be unlikely and suggests that a virus might cause lesions of an immunocomplex nature.
Age-related changes of kidney morphology
There is evidence that renal changes begin in very young animals. The electron-microscopic examin-ation of the kidneys of male Wistar rats of 3 months of age shows glomerular lesions characterized by adhesion of podocyte foot processes (Hirokawa, 1975) . Immunofluorescence microscopy also reveals the deposition oflgM in animals of this age (Couser & Stilmant, 1975) . Glomerular lesions obviously precede tubular lesions.
More recently the change in basement-membrane composition with age has been examined (Hoyer & Spiro, 1978; Kalant, Satomi, White & Tel, 1977) . A significant correlation between age and the concentration of hydroxylysine and hydroxyproline indicated an increase of collagenous material in the basement membrane.
Age-related
changes in protein excretion and glomerular filtration rate It has to be assumed that the urinary excretion of a large amount of albumin and globulins is a consequence of increased glomerular permeability, typically associated with glomerular lesions. Albumin excretion, which is a sensitive indicator of an increased filtered load (Alt, Gartner, Hackbarth & Stolte, 1980; Galaske, Baldamus & Stolte, 1978) , also rises concomitantly with age. The fact that albuminuria is already greatly increased in 12 month old rats also indicates an early onset of glomerular leakage, even before extensive changes are histologically observable. Thus it seems that the selective determination of albumin excretion by electrophoresis or by immunological tests will be a good indicator in glomerular permeability studies. Due to the progressive nature of the disease, the variation coefficient of protein excretion is raised in old animals (Gartner, Treiber, Friedel, Dohler, Messow & Trautschold, 1978) .
The glomerular filtration rate exhibits only a slight decrease with age, not nearly as much as one would expect from the extensive glomerular degeneration. This might be due to a compensatory mechanism as described by Azar, Johnson, Hertel & Tobian (1977) , who found a 3-to 4-fold increase in single nephron glomerular filtration rate in the still functioning nephrons of a nephrosclerotic kidney. However, it should be mentioned that the decrease in glomerular filtration rate may be a function of interstitial rather than preceding glomerular changes (Bohle, Grund, Mackensen & Tolon, 1977) .
Although considerable research has been done on the rat kidney and much data is now available, the use of other species should be considered for studies of kidney function and proteinuria. As an indicator of glomerular integrity, albumin can be determined selectively. In addition, kidney research involving long-term studies must be carefully interpreted because of the progression of nephropathies as the rats age.
